The hemodynamic changes accompanying experimental neurogenic hypertension due to sinoaortic denervation were measured in unanesthetized dogs for 3 weeks with chronically implanted arterial catheters and aortic flow transducers. Hypertension was modest, the average increase in mean arterial pressure being 31 ± 5 (SE) mm Hg. In about half of the dogs it was due predominantly to increase in cardiac output and in the others to increase in peripheral resistance; one factor or the other tended to maintain the hypertension in each dog throughout the experiments. Arterial pressure became extremely labile during the first few days after denervation and remained so during the entire experiment. This lability was closely correlated with environmental stimuli; rather minor distractions caused a sharp fall in pressure due variably to decrease in both cardiac output and peripheral resistance; greater distractions or physical activity caused a rise in pressure due usually to increase in peripheral resistance. Mean arterial pressures were higher when measured by transcutaneous puncture of a femoral artery, presumably because of the necessity of restraint and the discomfort associated with passage of a needle. Before sinoaortic denervation, arterial pressures fell to basal levels during sleep. After denervation, unexpectedly and for an undetermined cause, pressures rose to very high levels during sleep; the rises were consistently due to increase in peripheral resistance. Awakening was accompanied by a sharp fall in pressure and peripheral resistance.
• The carotid sinus and aortic baroreceptor, or "buffer," reflexes are the most important neurogenic compensatory reflexes dealing with short-term shifts in arterial pressure. In 1929, Koch and Mies (1) showed that cutting these buffer nerves causes chronic arterial hypertension, and Volhard (2) first championed the view that disturbances in baroreceptor func : tion might account for essential hypertension in man, but the hypothesis has little evidence to support it and there are several major criticisms (3) .
Despite considerable study (see reference 4 for review), the hemodynamic characteristics of experimental neurogenic hypertension have not been clearly established because of lack of adequate methods or the necessity of using anesthesia. Continuous recording of cardiac output and arterial pressure in unrestrained, unanesthetized dogs has been made possible only relatively recently through use of chronically implanted aortic flowmeters and catheters. These techniques now make it possible to characterize the chronic hemodynamic changes that follow section of the carotid sinus and aortic depressor nerves.
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Methods
An electromagnetic flowmeter was placed around the ascending aorta and a catheter inserted into the aortic arch of 29 mongrel dogs weighing 15 to 26 kg by the method described by Olmsted (5) . A week later, the dogs were trained to lie quietly on a soft pad while stroke volume, heart rate, cardiac output, and arterial pressure were recorded daily for 60 to 90 minutes, usually at the same time of day. The pressure transducer was fastened at heart level by a shoulder harness. Connecting cables were long enough so that the dog could explore the laboratory at will, but soon the dogs preferred to lie quietly on the pad placed for them. Measurements were always made at this time and while the dog was in the same position each day. Training and recording of control values were completed within 1 to 2 weeks.
The dogs were then anesthetized again and the aortic depressor nerves cut; this procedure was facilitated by identifying the vagus nerve as the largest individual nerve in the vagus-sympatheticdepressor trunk and then cutting the remainder of the trunk. The carotid sinuses were made inactive either by removing them between ties (dogs 1 to 10) or cutting the carotid sinus nerves at their origin (they are the first branch of the glossopharyngeal nerves as they emerge from the jugular foramen) (dogs 11 to 13). Both procedures resulted in baroreceptor denervation as evidenced by the appearance of hypertension in all animals; it is established that hypertension does not occur if one nerve remains functional. A consequence of the procedure was simultaneous denervation of the carotid and aortic bodies. Daily hemodynamic measurements were again begun 24 hours after section of the buffer nerves and continued for the next 3 weeks.
General health of the dogs was assessed by regular measurements of body weight and temperature and veterinary examination; 7 of the 29 were excluded because of fever, apparently due to infection. Three other experiments were not completed because of flowmeter failure during control measurements; 5 dogs died within 24 hours after denervation, apparently of heart failure. Experiments were completed and considered to be satisfactory in 13 of the 29 dogs; the remaining one was used as control to estimate the constancy of hemodynamics during a 30-day period.
Phasic flow in the ascending aorta was recorded with a gated sine-wave electromagnetic flowmeter 1 which energized the electromagnetic transducer 2 with a 400 Hz current. The transducers were calibrated at the beginning and end of the experiment by placing them around an isolated section of dog's aorta perfused at various known rates with both saline and blood. Frequency response of the transducer and flowmeter system was adequate (6, 7) . Zero flow was assumed to coincide with the flat diastolic portion of the left ventricular ejection curve (8) . Stroke volume, heart rate, and cardiac output were computed on-line by analog devices. The circuitry for analog computations as used in our laboratory has been described in detail elsewhere (9, 10) . To review briefly, the output signal from the aortic flowmeter was fed into an integrating circuit (summing, capacitance feedback integrator) and stroke volume was recorded as a voltage step that is proportional to the area under the systolic portion of the aortic flow-wave. The voltage steps were accumulated and automatically recycled every 4 seconds to compute cardiac output during that interval. Flow measurements were accurate to ± 2% and electronic stability was better than ±0.1% at full scale deflection. Heart rate was obtained by a tachometer from the aortic flow signal. These channels of information were recorded on a rectilinear direct-writing polygraph with adequate frequency response (3 db down at 70 cps). Phasic aortic pressure was recorded with a Statham P23 db transducer connected to the indwelling catheter. Single numerical values for each variable were read from the chart every 5 minutes and averaged. Blood pressure was read directly to the nearest 4 mm Hg, stroke volume to the nearest 1 ml, and cardiac output to 50 ml/min. Peripheral resistance was calculated as the quotient of mean aortic blood pressure times 100 divided by cardiac output, without subtracting the nominal right atrial pressure from the systemic mean pressure.
In 5 dogs (additional to the 29 in the previous group), four supradural silver electrodes were secured in the skull and the lead wires brought out through an incision at the back of the neck. During subsequent days or weeks, along with arterial pressure, cerebral electrical activity from the right and left hemispheres was recorded with Grass Model 7, P-511 electroencephalograph amplifiers on a multichannel oscillograph while the dogs were resting or sleeping before and after denervation. variable during the first 3 or 4 days but they promptly became lower and more stable as the dogs became trained and adjusted to the laboratory. The latter, more basal values, were used as control measurements (Table 1) Constancy of hemodynamic measurements in a trained, unanesthetized dog. Recordings from top-down: phasic aortic flow; phasic aortic pressure; mean aortic pressure; heart rate; stroke volume as voltage steps added and recycled to show cardiac output every 4 seconds.
Results
Stability of Circulation in
FERRARIO, McCUBBIN, PAGE
constant from day to day in each of the 13 dogs. Figure 1 illustrates this stability on different days in a representative animal. Cardiac output varied by only ± 4.08% (average, 1 SD; range, ± 1 to 9%; Table 1 ). Mean arterial pressure for all dogs was 87 mm Hg (range, 75 to 99 mm Hg). When the same dogs were restrained on their backs and pressures measured by the usual method of transcutaneous puncture of a femoral artery, average mean arterial pressure increased to 131 ± 8 (SD) mm Hg (range, 120 to 140 mm Hg).
These values were quite stable from day to day so long as the dog was resting quietly and was undistracted, but deviations occurred readily in association with its physical activity, eating, drinking, or grooming. A loud noise, handling of the dog, or entrance of a stranger into the laboratory caused more prominent changes. In either case, though there was but slight rise in mean arterial pressure, pulse pressure increased and there was increase in cardiac output due to cardioacceleration. There was a rough association between the amount by which cardiac output increased and the degree to which the dog was distracted or increased its physical activity. As cardiac output increased there was a generally proportional decrease in peripheral resistance, as also found by Rushmer (11) .
Cause of Hypertension after Buffer Nerve Section.-When measurements were repeated 24 hours after section of the buffer nerves, all dogs showed rise in arterial pressure. To simplify summarizing the results, it was possible to group the dogs arbitrarily in two categories: in 8, average cardiac output was increased significantly (P < 0.001), while average peripheral resistance was practically unchanged ( Table 2 ); in the other 5, peripheral resoistance was increase (P < 0.02) and cardiac output did not change significantly for the group as a whole (Table 3) . Average rise in mean pressure in dogs showing primarily an increase in cardiac output was 44 ± 5 ( SE ) mm Hg and in those having primarily an increase in resistance was 56 ± 13 (SE) mm Hg. Although those in the latter group tended to have a larger rise in pressure, the difference between the two groups was not significant (P < 0.6). Stroke volume was decreased in 11 of the 13 dogs, but the average reduction was significant on only those having an increase in peripheral resistance (Table 3 ). Cardiac acceleration occurred in all (Tables 2 and 3) .
These hemodynamic changes, present 24 hours after operation, tended to persist and to be much the same in each dog during the following 3 weeks. At the end of the 3 weeks, mean arterial pressure of the entire group ranged from 100 to 140 mm Hg, with an average increase above control of 31 ± 5 (SE) mm Hg. Peripheral resistance remained elevated in the 5 dogs in which it was increased 24 hours after denervation ( Table 5 ) and stroke volume remained below control values but tachycardia was less marked. Elevation of cardiac output persisted in 6 of the 8 dogs in which it was increased after operation (Table  4 ). In the other 2, output returned to control values and the persisting elevation of arterial pressure was accounted for by increase in peripheral resistance (Table 5 ). When mean arterial pressure was again measured by puncture of a femoral artery, hypertension was more prominent. Pressures ranged from 165 to 210 mm Hg and were an average of 49 ± 6 ( SE ) mm Hg higher than when measured in the same manner before buffer nerve section.
Characteristics of Neurogenic Hypertension. -Arterial pressures were very labile (Figs. 2 and 3), especially during the first 4 days after operation, but remained so to a lesser degree throughout the experiments. One experiment was continued for 5 months, and pressure showed the same lability during the entire period.
Lability of arterial pressure in the neurogenic hypertensive dogs was influenced by the dog's state of alertness and physical activity. Changes were small when the room was quiet and dark and there was no activity to engage the dog's interest. Entrance of a stranger into the laboratory or other distraction then caused intense circulatory responses compared with 5 . llcmodynamic a Dog Table 2 ; units of measurements as in Table 1 . Hemodynamic variability 24 hours after buffer nerve section due predominantly to changes in cardiac output. Pressure lability is marked and associated with fluctuations in peak aortic flow, heart rate, and cardiac output. Lying down (at arrow STJ was associated with marked fall in pressure and decrease in cardiac output. In one instance, rise in pressure is associated with fall in heart rate (right end of chart); it only indicates the extreme variability of responses. ( mental stimuli after buffer nerve section, they were qualitatively different in that rises in pressure before operation were accounted for by increase in cardiac output and a slight decrease in peripheral resistance.
In contrast with the sharp rises in arterial pressure caused by environmental stimuli that can be classified as "startling" in nature, rather minor distractions, such as light stroking or a muffled noise, caused a brief fall in pressure, heart rate, and peripheral resistance with no consistent change in cardiac output (Fig. 4) . These changes did not occur before operation. It was not possible to quantify precisely the different environmental stimuli, but when the dogs were resting quietly under as near basal conditions as possible, slight distractions consistently caused a brief fall in pressure, and larger ones a rise. In both cases, changes in pressure were due almost entirely to change in peripheral resistance, since changes in cardiac output were not consistent.
There were unexpected findings during sleep. It is usual for arterial pressure to fall in both normotensive and hypertensive man and animals during sleep to reach what are considered "basal" levels. This occurred in all animals before buffer nerve section. After buffer nerve section, pressure rose, in striking contrast with the decrease observed before operation. Since it could be debated that the dogs were in a state other than sleep, electroencephalograms were recorded to document the relationship between sleep, alertness, and arterial pressure. Whenever electroencephalographic records showed high-voltage (100 to 300 fiv), slow-frequency waves (1 to 4 cps) and spindle-burst activity, indicating sleep (12) (13) (14) , there was always progressive and sustained rise in arterial pressure. On some occasions the rises were dramatic, systolic and diastolic pressures reaching values as high as 218/170 mm Hg. Increases in mean aortic pressure ranged between 25 and 70 mm Hg higher than when the dogs were awake but resting quietly. Elevations were variable, but both systolic and diastolic pressures rose consistently. It is possible that the magnitude of pressure rise varied because of different stages of sleep. Awakening always caused a precipitous fall in the elevated arterial pressure simultaneously with change in the electroencephalogram to a high-frequency, low-voltage pattern.
The hemodynamic cause of pressure rise during slow-wave, spindle-burst sleep was always due to increase in peripheral resis- Fast recordings during different stages of the sleep-wakefulness cycle in the same dog as in Figure 5 . with implanted electromagnetic flowmeters and in 2 of the 5 others used for EEG and arterial blood pressure measurements. This procedure left the internal and external carotid artery circulation intact, but rise in pressure of the same magnitude still occurred during sleep and lability of pressure and responses to environmental stimuli were similar to those with carotid sinuses removed.
Discussion
It has been doubted that chronic sustained hypertension exists following denervation of the four main baroreceptor areas. Rather, it has been argued that the elevated pressures observed were unbuffered responses to stress associated with the procedures used to measure pressure. Our experiments were designed to resolve this question and to establish whether any chronic change in pressure was due to increase in cardiac output, peripheral resistance, or both.
Arterial pressures of resting, unanesthetized dogs became very labile following sinoaortic denervation, contrasting with their relative stability before operation. This lability was strongly influenced by the environment, and by the animal's alertness and activity. When the dogs were awake but resting quietly, their pressures were reasonably stable and were elevated above the control values. The degree of rise, however, was modest and considerably less than in previous studies. When the same dogs' pressures were measured by the conventional method of percutaneous puncture of a femoral artery, they were much higher, even though the dogs were well trained. Presumably, the higher pressures resulted from the fact that the animal was held on its back, even though gently, and there was some pain due to puncture of the femoral artery.
The most striking, and puzzling, observation concerned arterial pressure levels during sleep. Before denervation, arterial pressure fell to basal levels as expected, but after denervation it rose to extremely high levels. Awakening was accompanied by a sharp and large fall in pressure. Even though Rapela and associates (15) had shown that bilateral occlusion of the common carotid arteries does not diminish cerebral blood flow in dogs, we made sure that the rise in pressure during sleep was not due to transient periods of cerebral ischemia caused by removal of both carotid sinus areas by sectioning the carotid sinus nerves, leaving the carotid supply intact, and produced the same result. Another possibility is that sympathetic vasoconstrictor outflow may have been increased by release of cortical inhibition dependent on cerebral alertness. Bonvallet et al. (16) , for example, have shown that the buffer nerves inhibit the reticular activating system. This would seem to correlate with our findings that the pressure rises were found always during "spindles and slow wave" sleep that requires the presence of both the neocortex and the activating reticular system (17) . In view of the very rapid falls in arterial pressure upon awakening, it is unlikely that the renal pressor system is involved in the rise in pressure during sleep.
In contrast with our observations, Zanchetti and Guazzi and their associates (18, 19) noted a larger than normal fall in pressure during desynchronized sleep in cats after sinoaortic denervation; they concluded that it was due to chemoreceptor denervation since it did not occur following selective baroreceptor denervation. These different results might depend on a species difference. It is known, for instance, that baroreceptor reflexes, as measured by response to carotid occlusion, are less active in cats than in dogs. Smyth et al. (20) were obliged to come to a similar conclusion in studies in man. They recently demonstrated an increased gain of the baroreceptor reflex arc in sleep that acts to maintain a low arterial pressure. By implication, removal of this buffer system will permit rises in arterial pressure during sleep in man, as it does in dogs. On the other hand, fall in pressure during sleep following buffer nerve section has been observed in dogs by Heymans and Bouckaert (21), Samaan (22), and Grimson et al. (23). In each case an indirect method was used to measure pressure, and we can only assume that differences in method account for the diametrically opposite results. Olmsted et al. (24) found that the rise in pressure resulting from temporary occlusion of the common carotid arteries was quite constant from day to day but that it was variably dependent on different days on cardiac output or peripheral resistance. In the present experiments, chronic rise in pressure in any one animal was also due predominantly either to increase in cardiac output or peripheral resistance, but unlike the response to carotid occlusion, the rise remained due to one of the two factors over a period of weeks in the large majority of dogs.
The well-documented tachycardia that accompanies chronic neurogenic hypertension was also observed in these experiments. In this respect, this form of hypertension differs importantly from essential hypertension in man. McCubbin and Page (25) have previously established that cardiac acceleration alone, however, does not account for the hypertension. 
